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ZntA is a P-type ATPase which transports Zn2+, Pb2+ and Cd2+ out of the cell. Two cysteine-containing motifs, CAAC near the N-terminus and
CPC in transmembrane helix 6, are involved in binding of the translocated metal. We have studied these motifs by mutating the cysteines to
serines. The roles of two other possible metal-binding residues, K693 and D714, in transmembrane helices 7 and 8, were also addressed. The
mutation CAAC→SAAS reduces the ATPase activity by 50%. The SAAS mutant is phosphorylated with ATP almost as efficiently as the wild
type. However, its phosphorylation with Pi is poorer than that of the wild type and its dephosphorylation rate is faster than that of the wild type
ATPase. The CPC→SPS mutant is inactive but residual phosphorylation with ATP could still be observed. The most important findings of this
work deal with the prospective metal-binding residues K693 and D714: the substitution K693N eliminates the Zn2+-stimulated ATPase activity
completely, although significant Zn2+-dependent phosphorylation by ATP remains. The K693N ATPase is hyperphosphorylated by Pi. ZntA
carrying the change D714M has strong metal-independent ATPase activity and is very weakly phosphorylated both by ATP and Pi. In conclusion,
K693 and D714 are functionally essential and appear to contribute to the metal specificity of ZntA, most probably by being parts of the metal-
binding site made up by the CPC motif.
© 2006 Elsevier B.V. All rights reserved.Keywords: P-type ATPases; Membrane protein; Metal binding site; Ion pump; Zinc; Copper1. Introduction
P-type ATPases comprise a large superfamily of rather
distantly related ion pumps [1–6]. A common feature of P-type
ATPases is that they generate a phosphorylated aspartate as an
intermediate in their transport cycles. Most members in the
subclass of heavy-metal-transporting P-type ATPases (P1B-type
ATPases) have two kinds of cysteine-containing sequenceAbbreviations: EDTA, ethylenediaminetetraacetic acid; IPTG, isopropyl-β-
D-thiogalactoside; Pi, inorganic phosphate; PMSF, phenylmethylsulfonyl
fluoride; TCA, trichloroacetic acid; TM, transmembrane; Tris, tris(hydroxy-
methyl)aminomethane; wt, wild type
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doi:10.1016/j.bbabio.2006.06.008motifs involved in binding of the substrate ion (Zn2+, Cd2+,
Pb2+, Co2+, Cu2+, Ag+, or Cu+): a CXXC motif near the N-
terminus in the cytoplasmic domain and a CPC motif located in
the transmembrane (TM) domain.
Typically, the CXXC motif is present in 1–6 copies. In Cu+-
ATPases, it binds copper [7,8], whereas in ZntA it has been shown
to bind Zn2+ [9]. The three-dimensional structures of both types of
CXXCdomains have been determined [8–11]. Comparison of the
structures shows that the zinc-specificity of the ZntA CXXC
domain is conferred by an aspartate side chain, which participates
in zinc binding [9]. Cu+-ATPases lack this Asp residue.
Deletion and mutagenesis studies suggest that the N-terminal
CXXC motif is not necessary for the function of the ATPase
[12,13], although it is needed for maximal activity. However, in
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necessary for function in vivo [14 15]. It has been shown that
CXXC domains are involved in receiving copper from copper
chaperones [16–20] and in correct intracellular trafficking of
the ATPase [21,22].
The other region which plays a role in binding of the
substrate heavy metal cation carries the signature CPC in the
sixth transmembrane helix of ZntA. In some members of the
family, the corresponding sequence reads CPH, CPS, SPC,
TPC or APS [23]. The proline of the motif is conserved
throughout the whole family of P-type ATPases. In Ca2+-
ATPase, the equivalent Pro is flanked by Glu309 which is one
of the residues coordinating the transported Ca2+ ions [5,24].
Mutating the cysteines in CPC motif results in inactive
enzyme [25–29], as expected if the cysteines form at least
part of the binding site for the translocated metal ion.
The metal specificity of P1B-type ATPases is partially
controlled by the residues flanking the central Pro: Cu2+-
ATPases carry the sequence CPH [23,30], whereas the sequence
SPC appears to correlate with Co2+-translocation activity [31].
However, the most common form of the motif is CPC. It is
found in enzymes transporting Cu+ and Ag+ as well as in
enzymes specific for Zn2+, Cd2+ and Pb2+, suggesting that there
are additional factors which control the metal specificity [23]. In
order to identify those determinants of metal specificity, Mandal
et al. performed an extensive mutagenesis study [32]. They
concluded that, in a Cu+-ATPase, several residues in TM helices
7 and 8 are involved in copper binding, most likely together
with the CPC motif in helix 6. Moreover, studies on mice
carrying the Toxic milk phenotype had showed that this disease
is caused by a mutation of Met1356 (equivalent to Met711 of A.
fulgidus CopA, Asp714 of ZntA, and Asp800 of Ca2+-ATPase,
see below) in the TM helix 8 of Wilson disease Cu+-ATPase
[33]. This finding then led to the idea of a TM 8 as part of a
“copper channel” [34], disrupted by the disease mutation of the
invariant Met of Cu+-ATPases.
Recent work suggests that the occurrence of the well
conserved residues in TM helices 7 and 8 correlates with Cu+-
stimulated ATPase activity, defining the P1B-1 group of P-type
ATPases [23]. In the subgroup 1B-2 (Zn2+-ATPases), a different
set of residues is conserved in TM helices 7 and 8. Of particular
interest are two invariant charged residues, viz. Lys693 andAsp714
of ZntA, corresponding to Asn683 and Met711 of Archaeoglobus
fulgidusCopACu+-ATPase. In Ca2+-ATPase, the counterparts of
these residues appear to be Glu771 and Asp800, both of which are
ligands to the translocated Ca2+ ions [5]. Analogously, Lys693 and
Asp714 may be responsible for the metal specificity of ZntA,
although this has not been studied experimentally before. More
generally among the P1B-type ATPases, it is likely that the metal
specificity of each enzyme is determined by (i) the exact sequence
of the CPCmotif and (ii) by other sequences (such as those in TM
helices 7 and 8) located more distantly in the primary structure,
and/or (iii) slight differences in the geometry of otherwise
identical metal ligands [29].
In this work, we have tested the hypothesis [23] that
residues in transmembrane helices 7 and 8 contribute to the
metal-binding properties of the CPC motif. As discussedbefore [23], these two residues are invariant in the subgroup-
1B-2 of P1-type ATPases. The substitution K693N results in a
complete loss of the zinc-stimulated ATPase activity. Intrigu-
ingly, the mutation D714M brings about a metal-independent
ATPase activity, suggesting that this mutation uncouples the
ATPase and metal-binding functions.
In addition, we have mutated the CAAC and CPC motifs of
ZntA, an E. coli P1B-type ATPase specific for Zn
2+, Cd2+ and
Pb2+ [35–37]. Our results show that replacing the cysteines in
the CAACmotif with serines decrease the ATPase activity by ca.
50%. In this mutant, phosphorylation from Pi occurs with
reduced efficiency whereas dephosphorylation is faster than in
the wild type ZntA. These data suggest that the CAAC domain
may regulate the dephosphorylation and state conversion parts of
the ATPase catalytic cycle involving the steps E2-P→E2→E1.
2. Materials and methods
2.1. Mutagenesis
Mutants were generated using PCR as described before [38,39]. Each
mutation was verified by DNA sequencing.
2.2. Strains and expression and of His-tagged ZntA
Wild type and mutated versions of ZntA were expressed as N-terminally
His-tagged recombinant proteins using in Escherichia coli TOP 10 strain
[38]. Expression of the protein from pTRCHisA vector (Invitrogen) was
induced with 100 μM isopropyl-β-thiogalactoside (IPTG) 1 h 45 min after
inoculation. Cells were harvested 5 h after induction and stored at −20 °C.
2.3. Isolation of membranes
The membrane fractions of the cells were isolated using the protocol of
Okkeri et al. [40]. The membranes were suspended into the storage buffer
(50 mM Tris–Cl, pH 7.5, 300 mM NaCl, 20% glycerol, 2 mM β-
mercaptoethanol, 0.5 mM PMSF) to a final protein concentration of 10 mg/ml
and stored at −70 °C. Protein concentration was measured with the BCA protein
assay kit (Pierce). The expression levels of the mutants were analyzed using
SDS/PAGE (30 μg of protein on each lane) combined with Coomassie Blue
staining. Expression levels of the wt and mutant proteins were determined by
growing four batches of each strain followed by the isolation of membrane
fractions, SDS/PAGE and Coomassie Blue staining of the acrylamide gels. Care
was taken not to overload the gels. The staining intensity of the 80 kDa and
67 kDa bands was quantitated with AIDA software (version 2.00, Raytest
Isotopenmessgeräte GmbH). All subsequent data were normalized so that the
results do not depend on the differences in the expression levels among the
mutants. The normalization factors were: wt 1.0±0.14; the SAAS mutant, 3.3±
0.51; the SPS mutant, 2.3±0.32; the K693N mutant, 2.1±0.35; the D714M
mutant, 0.80±0.14 and the K693N/D714M mutant, 1.5±0.25.
2.4. ATPase activity measurements
The ATPase activity of the membrane fraction was determined with the
inorganic phosphate analysis method as described [38,41]. The assay was
carried out at 37 °C in 100 mM MES, pH 6.0, 200 mM KCl, 5 mM MgCl2.
When testing for vanadate sensitivity, 70 μM orthovanadate was used.
2.5. Phosphorylation assays
Phosphorylation assays with [γ-33P] ATP and 33Pi (Amersham Pharmacia)
were carried out as described by Okkeri et al. [38–40], except that in the Pi
phosphorylation assay 40% DMSO was used to enhance the phosphorylation
reaction. When testing the metal sensitivity of Pi phosphorylation, the
Fig. 2. Zinc-dependent ATPase activities of the SAAS and SPS mutants. Fits to
Michaelis–Menten equation yielded the following Vmax and KM for Zn
2+ values:
289 nmol ATP min−1 mg prot−1 and 1.3 μM (wild type ZntA); 134 nmol ATP
min−1 mg prot−1 and 1.6 μM (the SAAS mutant) and 161 nmol ATP min−1 mg
prot−1 and 1.6 μM (the AAAA mutant). The activities were measured at 37 °C
using membrane fractions of each mutant using an assay for Pi liberated by the
ATPase [38,41]. The background activity of measured in the absence of Zn2+ has
been subtracted. Error bars indicate the standard deviation (n=9). The activities
shown have been normalized to be independent of the expression level.
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dithiothreitol. Phosphorylation experiments with ATP and Pi were carried out on
ice and at room temperature, respectively. In order to enhance labelling, some
ATP phosphorylation assays with the D714M mutant were also carried out for
5 min on ice, or for 30 s at room temperature. The analysis of the phosphorylated
samples on acidic 8% SDS/PAGE gels and imaging of the gels by a BAS-1800
Bio-imaging analyzer (Fuji) were performed as described previously [40]. On
polyacrylamide gels, the ZntA protein is present in three forms: as a monomer
with an apparent molecular mass of ca. 92 kDa, as a dimer of 190 kDa and as a
proteolytic fragment of 67 kDa, which has lost the first 71 residues [39]. The
full-length forms behave identically in the phosphorylation assays, but the
fragment dephosphorylates more slowly than the monomer and dimer (see Fig. 5
in Results). In ATP and Pi phosphorylation assays the phosphorylation levels
represent the sum of all three phosphorylated forms.
2.6. Dephosphorylation assays
The dephosphorylation protocol in the presence and absence of ADP has
been described in detail [39]. Membrane proteins were first phosphorylated by
ATP as in the phosphorylation assay described above. In order to prevent further
phosphorylation EDTA was added after 30 s. The progress of the depho-
sphorylation reaction was measured by taking aliquots at certain time points. To
these aliquots 10% TCAwas immediately added to stop the dephosphorylation
reaction. The samples were analyzed with acidic SDS/PAGE as described above.
The t1/2s for the dephosphorylation reactions were determined by exponential
fits to the data using the program ORIGIN.
3. Results
In this study, cysteines of the N-terminal metal-binding motif
C59AAC, as well as in the motif Cys392–Pro–Cys in the sixth
TM segment of ZntAwere changed to serines (the SAAS and the
SPS mutants, respectively). In a second set of mutants, the two
charged residues Lys693 and Asp714 located in the middle of TM
segments 7 and 8, were converted intoAsn andMet, respectively,
to mimic the corresponding region in Cu+-ATPases (cf. [23,32]).
3.1. Expression and ATPase activities of the mutants
Expression levels of three of the mutants are higher than that
of the wild type (Fig. 1). In order to eliminate the dependence ofFig. 1. Expression of the WTand mutated ZntA proteins. Membrane fractions of
the bacterial strains were analyzed on a 10% SDS-PAGE gel. Molecular masses
of marker proteins are shown on the right. The full length ZntA monomer
(indicated by M) has a molecular mass of 80 kDa. In the membranes, a dimer as
well as a proteolytic fragment (indicated by F) migrating slightly faster than the
67 kDa marker are observed. Each lane contains 30 μg protein.activity and phosphorylation data on the abundance of each
mutant protein in the membrane, we have normalized all data to
the same protein concentration (Isolation of members). Only the
D714M ATPase is less abundantly expressed than the wt
ATPase: it is present at 80% of the wt level. In addition, its
major form migrates near to the 67 kDa marker, suggesting that
D714M ATPase is particularly prone to the proteolytic cleavage
of the 71 N-terminal residues (see [39]). The SAAS mutant
retains about 50% of the wt ATPase activity (Fig. 2), whereas all
the other mutants show more dramatic activity losses or
changes in the metal ion dependence of the ATPase activity. The
K693N ATPase is inactive, whereas the D714M mutant has a
distinct metal-independent ATPase activity (see ATPase
activities of the K693N and D714M mutants). These clear
phenotypes suggest that both residues have an important
functional role. The SPS mutant inactive, as expected for a
mutant with a non-functional binding site for the translocated
metal ion (cf. [29]).
3.2. Phosphorylation of the cysteine mutants with ATP
Binding of the substrate metal ion into the translocation site
(formed at least partially by the CPC motif in ZntA) initiates the
catalytic cycle of an ion-translocating P-type ATPase. Ion
binding then triggers transient ATP-driven phosphorylation of
an aspartyl side chain. The formation and decay of this stable
phosphointermediate, characteristic of all P-type ATPases, can
be monitored using [γ-33P]-ATP.
Phosphorylation assays with [γ-33P]-ATP show that the
SAASmutant is phosphorylated slightly less effectively than the
wt (Fig. 3A). The change of the CPC motif to SPS results in an
almost complete loss of zinc-stimulated phosphorylation by ATP.
Fig. 3. Zinc-stimulated phosphorylation of the SAAS (A) and SPS mutants (B)
by ATP. Bacterial membrane proteins were labeled on ice using [γ-33P]-ATP as
described in Materials and methods. Note the different scale of the ordinate in
panel B, which is an expansion of part A. Error bars show the standard deviation
(n=4). The relative phosphorylation (phosphoimager intensity) values shown
have been normalized so that they do not depend on the expression level of each
mutant protein. The background intensity is defined as zero.
Fig. 4. Phosphorylation of the cysteine mutants (CAAC→SAAS, CPC→SPS)
by Pi in the absence and presence of zinc. The phosphorylation reaction was
carried out in 40% DMSO at room temperature. Prior to the labelling with 33Pi,
the samples were incubated in presence of Zn2+ at the concentrations shown.
Four parallel samples were analyzed. Error bars indicate the standard deviation
(n=4). The phosphorylation intensities have been normalized to render them
independent of the expression level of each mutant.
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presence of 10 μM Zn2+; Fig. 3B) is still metal-dependent,
suggesting that the mutated CPC site can bind zinc, albeit weakly.
3.3. Phosphorylation of the cysteine mutants by Pi
In the above assays, phosphorylation by ATP yields first an
enzyme in a high-energy state denoted E1-P, which, upon
translocation of the bound metal ion, is converted into a low-
energy state E2-P. Experimentally, E2-P can be generated by
incubating the ATPase with 33Pi in the presence of 10–40%
DMSO and in the absence of substrate cations. Because the E1
state has a higher affinity for zinc ions than E2, the presence of
zinc stabilises E1 thereby preventing formation of E2-P by
phosphorylation with Pi. A prerequisite for this effect is that the
metal-binding site is functional. Phosphorylation assay with
33Pi thus probes the E2 state and can be used to study the effect
of mutations on the formation of E2-P. In addition, since theformation of E2-P is normally inhibited by metal ion binding,
the sensitivity of E2-P to metal ions can be related to the
integrity of the metal-binding site.
The SAAS mutant shows a reduced level of phosphorylation
by Pi (50% of the wt level; Fig. 4). In addition, the E2-P state of
the mutant is more sensitive toward the presence of zinc than the
E2-P of the wt, as if its affinity for zinc had become higher. The
SPS mutant is phosphorylated very poorly by Pi even in the
absence of zinc (which is somewhat unexpected because, as
discussed above, metal binding is not required for phosphor-
ylation with Pi).
3.4. Dephosphorylation of the SAAS mutant
To investigate the role of the CAAC motif further, we
measured the dephosphorylation kinetics of the SAAS mutant.
During the normal catalytic cycle, the E1-P state is converted
into E2-P, which is hydrolyzed to give E2 and then E1. Hence
mutations which inhibit the E1-P→E2-P transition or the
hydrolysis of E2-P should both slow down the dephosphoryla-
tion kinetics. However, only a mutant with a slow rate of the E1-
P→E2-P transition should exhibit faster dephosphorylation in
the presence of ADP. The reason for this is that ADP will react
with the E1-P intermediate to synthesize ATP in the reverse
direction of the catalytic cycle (see [39]).
In Fig. 5, we analyze the dephosphorylation kinetics of the
SAAS mutant. The dephosphorylation behaviour of a proteo-
lytic fragment of ZntA is also shown; this 67 kDa fragment
lacks 71 N-terminal residues, among them the metal-binding
domain carrying the CAAC motif [39]. Despite the loss of the
N-terminal region, it is easily phosphorylated with ATP or Pi.
Fig. 6. ATPase activities of the wt, K693N and D714M ZntA membranes in the
presence of various concentrations of Zn2+(A) or Cu2+(B). The background
activity present in the membranes of a vector-only strain has been subtracted and
the activity of each mutant has been normalized to be independent of the
expression level of the mutant protein. Error bars represent the standard deviation
(n=4). Both mutants have lost the Zn2+-stimulation of the ATPase. The K693N
ATPase might be slightly stimulated and the D714M ATPase inhibited by Cu2+.
Fig. 5. Dephosphorylation kinetics of the wt ZntA (squares), the SAAS mutant
(spheres) and the 67 kDa proteolytic fragment (triangles) in the absence and
presence (inset) of added ADP (0.25 mM). The experiment was performed on
ice. Dephosphorylation was started by adding 5 mM EDTA, which ceases the
zinc-stimulated phosphorylation by ATP by chelating Zn2+. The phosphoryla-
tion level of each sample is shown as a percentage of the maximal
phosphorylation level at the time point 0 s. Error bars show the standard
deviation (n=4).
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domain results in faster dephosphorylation kinetics [t1/2
(SAAS)≈5 s and t1/2 (WT)≈6 s], whereas the absence of the
71 N-terminal residues yields slower dephosphorylation
(t1/2≈8 s) in the forward reaction. In the presence of ADP (the
inset in Fig. 5), the dephosphorylation rates of the SAAS mutant
and the fragment are no different from the wt. These data suggest
that the faster dephosphorylation kinetics is related to the faster
decay of the E2-P state in the SAAS mutant.
3.5. ATPase activities of the K693N and D714M mutants
Recently, Argüello [23] proposed that the metal specificity of
P1B-type ATPases depends, in addition to the CPC-motif in TM
helix 6, on residues located in TM helices 7 and 8. Extensive
mutagenesis studies with a Cu+-ATPase support this idea [32].
Regarding ZntA, two well-conserved charged residues, Lys693
and Asp714 in the hydrophobic cores of TM helices 7 and 8,
attracted our attention. In order to study their roles we decided
to replace them with an Asn and a Met, the residues found in
analogous positions of Cu+-ATPases.
From the analysis of the ATPase activities of the K693N and
D714M mutants, two points emerge (Fig. 6A): First, both
mutants have lost their zinc-stimulated ATPase activity. Second,
in the absence of added metal ions, the D714M protein has ca.
100% higher ATPase activity than the wt (Fig. 6A). This
activity is not stimulated in the presence of a metal ion; rather, it
is inhibited slightly by zinc and, more potently, by copper (Fig.
6B). We also tested the activity of the mutants with Cu+, Cd2+,
Pb2+, Co2+, Ni2+ and Ag+ at a concentration range of 5–
300 μM, but the mutants were not activated by any of them
(results not shown).3.6. Phosphorylation of the K693N and D714M mutants by
ATP
The wt ZntA is phosphorylated not only in the presence of its
substrate ions Zn2+, Cd2+ and Pb2+, but also in the presence of
Cu2+, although the wt enzyme has no detectable Cu2+-
stimulated ATPase activity [38] (cf. Figs. 6B and 7). In contrast,
the K693N and D714M mutant enzymes are poorly phosphory-
lated with ATP in all conditions tested (Fig. 7). In particular,
they show markedly reduced Pb2+-stimulated ATP-phosphor-
ylation compared to phosphorylation in the presence of Zn2+ or
Cd2+. Their Cu2+-dependent ATP-phosphorylation has been
lost almost completely. In the presence of Zn2+ and Cd2+ the
K693N mutant is still phosphorylated, albeit at a highly reduced
level, despite the fact that there is no ATPase activity in the
presence of these ions. The D714M enzyme, while showing a
high metal-independent ATPase activity (Fig. 6A), shows
strikingly poor phosphorylation with ATP. Increasing the
Fig. 7. Metal-stimulated phosphorylation of the wt, K693N and D714MZntA by
[γ-33P]-ATP. Phosphorylation of membrane proteins was analyzed using acidic
SDS-PAGE as described in Materials and methods. Phosphorylation levels of
the mutants, normalized to a constant amount of ATPase protein, are expressed
as percentage of the wt level measured in the presence of Zn2+. Note the different
scale in each panel. Error bars show the standard deviation of four measurements
with independent samples. Each metal ion was present 15 μM.
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ambient temperature, resulted however in significantly better
labeling with 33P-ATP (unpublished data), showing that
mutation does not prevent the formation of the stable
phosphorylated intermediate. Rather, it appears that the
phosphorylation reaction in the D714M enzyme is significantly
slowed down compared to the wt.3.7. Phosphorylation of K693N and D714M ATPases by Pi
In the standard Pi-phosphorylation assay with no zinc
present, the two mutants behave in opposite ways: the K693N
ATPase is hyperphosphorylated (Fig. 8B), whereas the D714M
protein is hypophosphorylated (Fig. 8C).
As shown in Fig. 8A, Pi-phosphorylation of the wt enzyme is
inhibited by Zn2+ and to a lesser extent by Cu2+, because metal
binding stabilises the E1 and destabilises the E2 state. The effect
of Cu+ is much weaker than that of Cu2+, suggesting that the wt
binding site has a low affinity toward Cu+. Importantly, the E2-P
state of the K693N ATPase has become much more sensitive to
Cu2+ and Cu+ than to Zn2+ (Fig 8B). We conclude that, contrary
to the behavior in the phosphorylation experiment with ATP
(Fig. 7), in the Pi phosphorylation experiment the metal binding
site of the K693N ATPase appears to favour Cu2+ and Cu+ over
Zn2+. Unlike the wt or the K693N mutant, the poorly occupied
E2-P state of the D714M ATPase responds equally to the
presence of Zn2+, Cu2+ and Cu+ (Fig. 8C).
3.8. The double mutant
Fig. 8 shows that the K693N and D714M mutants have
opposite and non-wild-type Pi phosphorylation phenotypes
even in the absence of metal ions. This can be considered
somewhat unexpected assuming that the mutated residues
participate in binding of the metal ion to be translocated. Yet,
the changes in the absence of metal ions can be rationalized if
one assumes that the structure of the metal-binding site is
coupled to the E1/E2 conformational equilibrium of the ATPase
(see Discussion). In order to get further information about the
function of K693 and D714 we decided to construct a double
mutant harboring both the changes K693N and D714M in the
same ATPase molecule. The double mutant displays very weak
ATP phosphorylation and low ATPase activity in the absence
and presence of metal ions (data not shown). In the ATP-
phosphorylation experiment, the double mutant still shows a
preference for Zn2+ over Cu2+. Cu+ does not stimulate
phosphorylation. In the absence of Zn2+ or Cu2+, the double
mutant is phosphorylated nearly normally by Pi (Fig. 8D),
suggesting that it can adopt a normal E2 state. Still, the mutant
shows an altered metal sensitivity: its phosphorylation by Pi
appears to be more sensitive to Cu+ and Cu2+ than to Zn2+ (cf.
Figs. 8A and D). This behaviour might be due to a change in
metal specificity so that the double mutant has a higher affinity
toward Cu+ and Cu2+ than Zn2+.
4. Discussion
In this study, we address the metal-binding sites of a bacterial
zinc-transporting P-type ATPase: the N-terminal metal-binding
site CAAC, the TM metal-binding site CPC as well as the
tentative metal-binding residues K693 and D714 in TM segments
7 and 8. The latter two may be structural parts of the CPC site
[23,32,52]. A variant of the CPC motif forms the TM binding
site for the translocated metal ion and is therefore essential for
function [25–29]. However, the most commonly found type of
Fig. 8. Phosphorylation levels of K693N, D714M and K693N/D714M ATPases by 33Pi in the presence and absence of Zn
2+ and Cu2+. The phosphorylation reaction
was carried out in 40% DMSO at room temperature. As indicated, the samples were incubated in presence of 50 μMZn2+, Cu2+ or Cu+ or no metal prior to the labelling
with 33Pi. Error bars show the standard deviation (n=4 for Zn
2+ and Cu2+, n=3 for Cu+). The phosphorylation levels have been normalized to render the data
independent of the expression level of each mutant.
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ATPases and therefore additional determinants for metal
specificity must exist. In ZntA, prime candidates for this
function are the charged intramembrane amino acid residues
K693 and D714 which are invariant in the 1B-2 subgroup of P1-
ATPases. Since in the subgroup 1B-1 (Cu+-ATPases) the
counterparts of these two charged residues appear to be N683
and M711 [32], we envisioned that the substitutions K693N and
D714M may produce some interesting changes in the metal
activation of ZntA. As shown in the previous section, both
mutants have clearly altered catalytic properties. A main
conclusion of this study is that K693 and D714 are involved in
binding of the translocated Zn2+. Moreover, particularly D714 is
paramount for the bioenergetic linkage of the metal binding site
to the ATPase activity of ZntA.
The change CAAC→SAAS in the N-terminal metal-
binding domain of ZntA reduces the ATPase activity roughly
by 50%, cf. refs. [13,34,42,43]. The SAAS mutation (i) lowers
the Vmax value substantially while producing only a minorchange in the KM for Zn
2+(Fig. 2) and (ii) causes a slight
reduction in phosphorylation by ATP, which probes the
formation of the E1-P state (cf. [12,13,34,44,45]). Considering
that the ATPase activity of the SAAS mutant is about half of the
wt activity it is unlikely that the small reduction in the formation
of the E1-P intermediate (thought not to be the rate-limiting step
of the pump cycle) could account for the activity loss. We thus
propose that the mutation interferes mainly with other parts of
the catalytic cycle, e.g., by slowing down the transitions E1-
P→E2-P or E2→E1 (see below).
The SAAS mutant shows clearly weakened phosphorylation
by Pi (Fig. 4), a finding not reported before. In the presence of
zinc, this phosphorylation defect is more pronounced (cf. the
relative phosphorylation intensities in the presence 2 μM Zn2+
in Fig. 4). Metal binding to the CPC site (the only functional
binding site in the SAAS mutant) normally stabilises the E1
state, which cannot be phosphorylated by Pi. So it appears that
the mutant tends to favour the E1 and disfavour the E2-P state.
However, the faster dephosphorylation kinetics of the SAAS
1 During the editorial process of this paper, a study by Dutta et al. was
published [52]. The main conclusion of Dutta et al. is that D714 of ZntA is a
metal binding residue which functions together with the CPC site. Our data is in
line with this conclusion. Yet, our D714M mutant shows a more complex
phenotype than mutants reported in [52]. In contrast to the mutants of Dutta et
al. (which have low activity) the D714M ATPase has relatively high ATPase
activity which is metal-independent.
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state.
Taken together, in the SAAS mutant (i) the E1-P state forms
almost normally (Fig. 3A), (ii) there is a reduction in the
formation of the E2-P state (Fig. 4) (iii) there is accelerated
dephosphorylation along the reaction sequence E1-P→E2-
P→E2 (Fig. 5) in spite of about 50% reduction of steady state
ATPase activity (Fig. 2). While it is difficult combine data from
a more thermodynamic experiment (phosphorylation by Pi) and
from kinetic experiments (the dephosphorylation and ATPase
activity measurements), a feasible conclusion is that in the
SAAS mutant the E2-P state may be destabilised (the rate of the
transition E2-P→E2 is increased) and the transition E2→E1 has
become slower. The latter would be the rate-limiting step of the
ATPase catalytic cycle, accounting for the reduced activity. In
support of this idea, the SAAS mutant was observed to be
slightly more sensitive to vanadate (data not shown), as
expected for a mutant favouring the E2 state. Also, a similar
phenotype has been demonstrated with a mutant of Ca2+-
ATPase [46].
Fig. 5 also shows that the proteolytic fragment of ZntA (with
no CAAC domain at all) dephosphorylates more slowly than the
full-length ZntA. In addition, the fragment tends to phosphor-
ylate with Pi more strongly than the wt. These findings may
imply that the absence of the whole CAAC domain stabilises
the E2-P state. In agreement with our results, Mana-Capelli et al.
[30] observed slow dephosphorylation kinetics with N-
terminally truncated CopB ATPase of A. fulgidus. However,
the same group reported that site-specific mutants of A. fulgidus
CopA in which the cysteines of the CXXC motif were
substituted with alanines also showed slow dephosphorylation
[44], in contrast to our data (Fig. 5). The reason for this
difference is unclear; the A. fulgidus proteins are however
thermophilic and halophilic and their behaviour could differ
from mesophilic proteins such as ZntA. Finally, in line with our
results, a mutant of Menkes disease Cu+-ATPase in which its six
N-terminal CXXC motifs were all changed to SXXS motives
showed faster dephosphorylation kinetics in spite of very low
steady state ATPase activity [34]. The authors concluded that
their SXXS mutant favours the E2 state.
The slower dephosphorylation kinetics of the N-terminally
manipulated A. fulgidus ATPases was postulated to be caused
by inhibition of a rate-limiting metal release from the
translocation site [44], leading to the accumulation of the
species E2-P. The mechanism of this inhibition, equivalent to an
apparent increase in metal affinity, was proposed to be
conformational, depending on the interaction of the N-terminal
domain with the other cytoplasmic domains as well as with the
TM domain carrying the translocation site. Similar interactions
in P1B-ATPases have been characterised by several research
groups [12,47,48]. Moreover, the N-terminal region of Ca2+-
ATPase is known to fold together with the actuator domain [5],
which in turn is implicated in the dephosphorylation part of the
catalytic cycle [2,49]. Taken together, data from our and other
studies are consistent with the idea that the CXXC domain
interacts conformationally and in a metal-dependent fashion
with the phosphorylation and/or actuator domains of P1B-ATPases. This interaction may influence the release of the
bound metal ion from the CPC site and controls mainly the
stabilities E2-P and E2 states.
Contrary to the behaviour of Ca2+-ATPase with a mutation in
a Ca2+ ligand [24], the SPS mutant of ZntA shows a dramatic
drop in Pi phosphorylation (Fig. 4), implying that the mutant
ATPase is unable to adopt the E2 state. In line with this
interpretation, Lowe et al. [28] concluded that in yeast Cu+-
ATPase the change CPC→SPC results in stabilisation of the
E1-P state. Yet, Liu et al. [29] found that the CPC→APA
change of ZntA produced a protein that could be phosphory-
lated only by Pi and not with ATP, suggesting that this mutant
prefers the E2 state. These apparently contradictory results
could imply that the CPC site acts like a conformational hinge
controlling the E1/E2 equilibrium. Different substitutions of the
metal binding residues produce subtly different steric effects
and can therefore shift the E1/E2 equilibrium to opposite
directions.
Replacing the cysteines by serines in the CPC site does not
totally abolish metal-dependent phosphorylation with ATP,
suggesting that other metal ligands could exist in the site. In A.
fulgidus CopA (a Cu+-ATPase; subgroup 1B-1), among the
subgroup-invariant residues thought to be responsible for
copper specificity are N683 and M711. In ZntA, a member of
the 1B-2 subgroup (Zn2+/Cd2+/Pb2+-specific ATPases), these
are replaced by the two charged residues K693 and D714 [23].
We have studied here the consequences of substituting these
with their counterparts in copper-ATPases. Our study seeks an
answer to the questions: Do the mutations alter the Zn2+-
activation of ZntA? Does the mutated ZntA now show any
properties of a copper-ATPase?
Fig. 6A shows that both the K693N and D714M mutants
have lost the Zn2+-stimulation of the ATPase, consistent with
the idea that the mutated residues could be involved in the
formation of a metal-binding site needed for the activation of
ATPase.1 Neither of the mutants show any activity in the
presence of Cu+(results not shown), but the K693N mutant
might possess a slight Cu2+-induced ATPase activity, although,
owing to the experimental error involved, this is difficult to
know for certainty (Fig. 6B). The mutant D714M exhibits
markedly elevated metal-independent ATPase activity of
150 nmol ATP min−1 mg prot−1, which is partially inhibited
by Cu2+. So it appears that the D714M mutation brings about
decoupling of zinc binding and ATP hydrolysis. A similar
uncoupled phenotype has been reported with the D684A mutant
of AHA2 which is a plant P2-type H
+-ATPase [51]. In this
context, it is important to note that D714 of ZntA and D684 of
AHA2 are counterparts of the Ca2+ ligand D800 of Ca2+-
ATPase. In AHA2 D684 is an essential component of the proton
translocation pathway. Moreover, like ZntA carrying the
Table 1
The effects of the mutations on the catalytic cycle of ZntA
Mutant Most important findings Interpretation in relation to the
catalytic cycle
SAAS Activity 50% of the wt
ATPase Vmax
The CXXC domain may regulate/
facilitate the steps E2-P→E2→E1.
Diminished
phosphorylation with Pi
Faster dephosphorylation
SPS Inactive The CPC site is needed for initiation
of catalysis. The residual Zn2+-
specific phosphorylation may reflect
the existence of metal ligands other
than the CPC cysteines.
Residual metal-dependent
phosphorylation with ATP
Very low phosphorylation
with Pi
K693N Very low activity There is a defect in metal binding to
E1. The mutated enzyme prefers E2.
K693 is likely a metal ligand and
contributes to the metal specificity of
ZntA.
No Cu2+-dependent
phosphorylation with ATP
Hyperphosphorylation by Pi
Altered metal sensitivity
of phosphorylation by Pi
D714M Significant metal-
independent ATPase activity
The mutated metal-binding site
activates the ATPase without a bound
metal. D714 participates in the binding
of the translocated metal ion and in
the coupling between the
metal-binding and phosphorylation
sites. It contributes to the metal
specificity.
Poor phosphorylation by
ATP and Pi
K693N/
D714M
Very low activity and
phosphorylation with ATP
There is a defect in the
metal-dependent activation of the
catalytic cycle, whereas the E2 state
may be more normal.
Almost normal
phosphorylation with Pi
K693 and D714 are both parts of the
metal-binding site.
Altered metal
sensitivity of Pi
phosphorylation
The catalytic cycle of ZntA: E1→E1(Zn
2+ IN)→E1-P (Zn
2+ IN)→E2-P(Zn
2+
OUT)→E2-P→E2→E1.
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the E1→E2 transition. It thus seems that D
714 and its
equivalents play a crucial role in binding the translocated ion
and in coupling the binding event to the ATPase domain and
further to the E1/E2 equilibrium. A further possibility is that
ZntA also transports protons and that D714 is involved in proton
binding. Finally, we note that the uncoupled phenotype of the
D714M ZntA resembles that of the D583A mutant of the E. coli
Kdp-ATPase [50]. Interestingly, the latter mutation targets a
subgroup IA invariant aspartate located in the middle of a TM
segment.
In the Pi-phosphorylation assay, the K693N mutant yields
a hyperphosphorylated enzyme, which is relatively insensitive
to Zn2+ (Fig. 8B). This behaviour suggests that the mutant
enzyme prefers the E2-P state. In the presence of Cu
2+ or
Cu+, the E2-P state of the K693N mutant is less stable than in
the presence of Zn2+. This behaviour is in line with the idea
that the metal binding site of K693N ATPase has become
more specific to copper than to zinc. Yet, the ATP-
phosphorylation level of the K693N mutant is some 15% of
the wt in the presence of zinc but only 1% in the presence of
copper (Fig. 7B). We conclude that the main effect of the
mutation K693N is to shift the E1/E2 balance toward E2. The
mutation results in altered metal specificity in ATP and Pi
phosphorylation. However, there is no unequivocal indication
of copper-specificity. The lack of measurable Zn2+-stimulated
activity of the K693N ATPase may reflect its weak ability to
bind Zn2+ and to occupy the E1 state necessary for initiation
of the catalytic cycle. In the plant H+-ATPase AHA2,
mutating the residue R655 (which corresponds to K693 of
ZntA) results in low ATPase activity and stabilisation of the
E1 state [51]. Although in K693N ZntA the stabilised state is
E2, the conclusion about the role of R
655 of AHA2 in
controlling the E1/E2 balance [51] appears to hold also with
the homologous residue K693 of ZntA.
In spite of the substantial defects in metal-dependent
phosphorylation (Fig. 7C and 8C), the D714M mutant has a
relatively high, metal-independent ATPase activity (Fig. 6). It
appears that the peripheral ATPase domain of the D714M
ATPase is no longer controlled by metal binding/release in the
TM domain. A plausible explanation for this phenotype is that
the mutated metal-binding site mimics an occupied metal
binding site even when empty. Since the occupied binding site
normally communicates with the ATPase site via the protein
structure and activates phosphoryl transfer from ATP, the
“mutationally occupied” metal binding site also results in
activation of the ATPase. So we conclude that both K693 and
D714 produce significant changes in the metal activation of the
ATPase. These residues also influence the conformational E1/E2
equilibrium, as expected for structural elements involved in
coupling the binding site for the translocated metal ion to the
catalytic phosphorylation site.
Finally, the charged residues K693 and D714 are likely to be
located in the middle of adjacent TM helices. If both residues
are parts of the metal binding site, their charges should
disappear or be neutralized when a bivalent cation binds to
the site in the E1 state. In the absence of a ligand, in the E2state for example, their charges may be neutralized by
formation of an intramembrane Lys–Asp ion pair. There
would thus be formation and dissociation of an ion pair
during catalysis. Incidentally, the sum of the van der Waals
volumes of K and D side chains is 226 Å3, whereas the
corresponding sum for N and M is 220 Å3. These almost
equal volumes could also imply a structural interaction
(between N and M in Cu+-ATPases and K and D in Zn2+-
ATPases). In such a case, mutating either of the charged
residues of ZntA to a non-charged residue would result in an
unfavourable intramembrane net charge and a severe
phenotype, as observed with the K693N and D714M mutants
above. In contrast, a doubly mutated ATPase, carrying both
the changes K693N and D714M in the same protein
molecule, could show a milder phenotype. To study this
possibility, we have constructed the double mutant and
characterized it (Fig. 8D). Making the two mutations to the
same enzyme molecule does indeed reverse the defect in Pi
phosphorylation resulting in an almost wt-like phenotype in
the absence of Zn2+ or Cu2+. Consequently, it appears that a
normal E2 state can be formed in the K693N/D714M double
mutant, consistent with the idea that N and M can together fill
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D714 form an ion pair in E2 when there is no bound metal in
the site. What happens in E1? The double mutant has very
low metal-stimulated ATPase activity (similar to the K693N
ATPase) and is poorly phosphorylated with ATP (phosphor-
ylation levels similar to the D714M ATPase). It is thus clear
that steps requiring an occupied TM metal-binding site are
blocked in the double mutant. Although N and M are the
residues found in copper-ATPases, there is no copper-induced
ATP phosphorylation or ATPase activity. The double mutant
has a defect in the E1 state.
In summary (see Table 1), our results indicate that the N-
terminal CAAC domain of ZntA enhances the maximal
catalytic rate of the enzyme in a metal-dependent manner.
We propose that the regulatory action of the CAAC domain
deals with dephosphorylation and metal release parts of the
catalytic cycle involving the transitions E2-P→E2→E1. The
residues K693 and D714 play an important catalytic function in
coupling the metal binding and ATPase activities. A simple
explanation for the present results is that they participate
directly in metal binding within the TM domain in combina-
tion with the residues of the CPC site. They are also likely to
contribute to the metal specificity of the enzyme.
Acknowledgements
We thank Teija Inkinen for the help with laboratory work and
Guillaume Lenoir for valuable comments. We want to thank
Prof. Thomas Pomorski and Prof. Andreas Weihe for giving
their equipment for our disposal. Financial support was
provided by the University of Helsinki, the Magnus Ehrnrooth
Foundation, and the Sigrid Juselius Foundation.
References
[1] M. Solioz, C. Vulpe, CPx-type ATPases: a class of P-type ATPases that
pump heavy metals, Trends Biochem. Sci. 21 (1996) 237–241.
[2] J.V. Møller, B. Juul, M. LeMaire, Structural organisation, ion transport and
energy transduction of P-type ATPases, Biochim. Biophys. Acta 1286
(1996) 1–51.
[3] K.B. Axelsen, M.G. Palmgren, Evolution of substrate specificities in the P-
type ATPase superfamily, J. Mol. Evol. 46 (1998) 84–101.
[4] W. Kühlbrandt, Biology, structure and mechanism of P-type ATPases,
Nature Rev., Mol. Cell Biol. 5 (2004) 282–295.
[5] C. Toyoshima, M. Nakasako, H. Nomura, H. Ogawa, Crystal structure of
the calcium pump of sarcoplasmic reticulum at 2.6 Å resolution, Nature
405 (2000) 647–655.
[6] C. Toyoshima, H. Nomura, T. Tsuda, Lumenal gating mechanism revealed
in calcium pump crystal structures with phosphate analogues, Nature 432
(2004) 361–368.
[7] S. Lutsenko, K. Petrukhin, M.J. Cooper, C.T. Gilliam, J.H. Kaplan, N-
terminal domains of human copper-transporting adenosine triphosphatases
(the Wilson's and Menkes disease proteins) bind copper selectively in
vivo and in vitro with stoichiometry of one copper per metal-binding
repeat, J. Biol. Chem. 272 (1997) 18939–18944.
[8] A.K. Wernimont, D.L. Huffmann, A.L. Lamb, T.V.O. O'Halloran, A.C.
Rosenzweig, Structural basis for copper transfer by the metallochaperone
for the Menkes/Wilson disease proteins, Nat. Struct. Biol. 7 (2000)
766–771.
[9] L. Banci, I. Bertini, Ciofi-Baffoni, L.A. Finney, C.E. Outten, T.V.
O'Halloran, A new zinc-protein coordination site in intracellular metaltrafficking: solution structure of the apo and Zn(II) forms of ZntA(46–
118), J. Mol. Biol. 323 (2002) 883–897.
[10] L. Banci, I. Bertini, S. Ciofi-Baffoni, D.L. Huffmann, T.V. O'Halloran,
Solution structure of the yeast copper transporter domain ccc2a in the apo
and Cu(I)-loaded states, J. Biol. Chem. 276 (2001) 8415–8426.
[11] J. Gitschier, B. Moffat, D. Reilly, W.I. Wood, W.J. Fairbrother, Solution
structure of the fourth metal-binding domain from the Menkes copper-
transporting ATPase, Nat. Struct. Biol. 5 (1998) 47–54.
[12] N. Bal, E. Mintz, F. Guillain, P. Catty, A possible regulatory role for the
metal-binding domain of CadA, the Listeria monocytogenes Cd2+-ATPase,
FEBS Lett. 506 (2001) 249–252.
[13] B. Mitra, R. Sharma, The cysteine-rich amino-terminal domain of ZntA, a
Pb(II)/Zn(II)/Cd(II)-translocating ATPase from Escherichia coli, is not
essential for its function, Biochemistry 40 (2001) 7694–7699.
[14] J.F.B. Mercer, N. Barnes, J. Stevenson, D. Strausak, R.M. Llanos, Copper-
induced trafficking of the Cu-ATPases: a key mechanism for copper
homeostasis, BioMetals 16 (2003) 175–184.
[15] J.R. Forbes, G. His, D.W. Cox, Role of the copper-binding domain in the
copper transport function of ATP7B, the P-type ATPase defective in
Wilson disease, J. Biol. Chem. 274 (1999) 12408–12413.
[16] I. Hamza, M. Schaefer, L.W.J. Klomp, J.D. Gitlin, Interaction of the copper
chaperone HAH1 with the Wilson disease protein is essential for copper
homeostasis, Proc. Natl. Acad. Sci. U. S. A. 96 (1999) 13363–13368.
[17] D. Larin, C. Mekios, K. Das, B. Ross, A.-S. Yang, T.C. Gilliam,
Characterization of the interaction between the Wilson andMenkes disease
proteins and the cytoplasmic copper chaperone, HAH1p, J. Biol. Chem.
274 (1999) 28497–28504.
[18] G. Multhaup, D. Strausak, K.D. Bissig, M. Solioz, Interaction of the CopZ
copper chaperone with the CopA copper ATPase of Enterococcus hirae
assessed by surface plasmon resonance, Biochem. Biophys. Res.
Commun. 288 (2001) 172–177.
[19] D.S. Radford, M.A. Kihlken, G.P.M. Borrelly, C.R. Harwood, N.E.
LeBrun, J.S. Cavet, CopZ from Bacillus subtilis interacts in vivo with a
copper exporting CPx-type ATPase CopA, FEMS Microbiol. Lett. 220
(2003) 105–112.
[20] J.M. Walker, D. Huster, M. Ralle, C.T. Morgan, N.J. Blackburn, S.
Lutsenko, The N-terminal metal-binding site 2 of the Wilson's disease
protein plays a key role in the transfer of copper from Atox1, J. Biol.
Chem. 279 (2004) 15376–15384.
[21] D. Strausak, S. La Fontaine, J. Hill, S.D. Firth, P.J. Lockhart, J.F.B.
Mercer, The role of GMXCXXC metal binding sites in the copper-induced
redistribution of the Menkes protein, J. Biol. Chem. 274 (1999)
11170–11177.
[22] M.A. Cater, J. Forbes, S. La Fontaine, D. Cox, J.F.B. Mercer, Intracellular
trafficking of the human Wilson protein: the role of the six N-terminal
metal-binding sites, Biochem. J. 380 (2004) 805–813.
[23] J.M. Argüello, Identification of ion-selectivity determinants in heavy-
metal transport P1B-type ATPases, J. Membr. Biol. 95 (2003) 93–108.
[24] D.M. Clarke, T.W. Loo, G. Inesi, D.H. MacLennan, Location of high
affinity Ca2+-binding sites within the predicted transmembrane domain of
the sarcoplasmic reticulum Ca2+-ATPase, Nature 339 (1989) 476–478.
[25] J.R. Forbes, D.W. Cox, Functional characterization of missense mutations
in ATP7B: Wilson disease mutation or a normal variant? Am. J. Hum.
Genet. 63 (1998) 1663–1674.
[26] K.D. Bissig, H. Wunderli-Ye, P.W. Duda, M. Solioz, Structure-function
analysis of purified Enterococcus hirae CopB copper ATPase: effect of
Menkes/Wilson disease mutation homologues, Biochem. J. 357 (2001)
217–223.
[27] T. Yoshimizu, H. Omote, T. Wakabayashi, Y. Sambongi, M. Futai,
Essential Cys–Pro–Cys motif of Caenorhabditis elegans copper transport
ATPase, Biosci. Biotechnol. Biochem. 80, 372–375.
[28] J. Lowe, A. Vieyra, P. Catty, F. Guillain, E. Mintz, M. Cuillel, A mutational
study in the transmembrane domain of ccc2p, the yeast Cu(I)-ATPase,
shows different roles for each Cys–Pro–Cys cysteine, J. Biol. Chem. 279
(2004) 25986–25994.
[29] J. Liu, S.J. Dutta, A.J. Stemmler, B. Mitra, Metal-binding affinity of the
transmembrane site in ZntA: implications for metal selectivity, Biochem-
istry 45 (2006) 763–772.
1495J. Okkeri, T. Haltia / Biochimica et Biophysica Acta 1757 (2006) 1485–1495[30] S. Mana-Capelli, A.K. Mandal, J.M. Argüello, Archaeloglobus fulgidus
CopB is a thermophilic Cu2+-ATPase. Functional role of ist histidine-rich N-
terminal metal binding domain, J. Biol. Chem. 278 (2003) 40534–40541.
[31] J.C. Rutherford, J.S. Cavet, N.J. Robinson, Cobalt-dependent transcrip-
tional switching by a dual-effector MerR-like protein regulates a cobalt-
exporting variant of CPx-type ATPase, J. Biol. Chem. 274 (1999)
25827–25832.
[32] A.K. Mandal, Y. Yang, T.M. Kertesz, J.M. Argüello, Identification of the
transmembrane metal binding site in Cu+-transporting PIB-ATPase, J. Biol.
Chem. 279 (2004) 54802–54807.
[33] M.B. Theophilos, D.W. Cox, J.F.B. Mercer, The toxic milk mouse is a
murine model of Wilson disease, Hum. Mol. Genet. 5 (1996) 1619–1624.
[34] I. Voskoboinik, J. Mar, D. Strausak, J. Camakaris, The regulation of
catalytic activity of theMenkes copper-translocating P-typeATPase, J. Biol.
Chem. 276 (2001) 28620–28627.
[35] S.J. Beard, R. Hashim, J. Membrillo-Hernandez, M.N. Hughes, R.K.
Poole, Zinc(II) tolerance in Escherichia coli K-12: evidence that the zntA
gene (o732) encodes a cation transport ATPase, Mol. Microbiol. 25 (1997)
883–891.
[36] C. Rensing, B. Mitra, B. Rosen, The zntA gene of Escherichia coli encodes
a Zn(II)-translocating P-type ATPase, Proc. Natl. Acad. Sci. U. S. A. 94
(1997) 14326–14331.
[37] C. Rensing, Y. Sun, B. Mitra, B. Rosen, Pb(II)-translocating P-type
ATPases, J. Biol. Chem. 273 (1998) 32614–32617.
[38] J. Okkeri, T. Haltia, Expression and mutagenesis of ZntA, a zinc-
transporting P-type ATPase from Escherichia coli, Biochemistry 38
(1999) 14109–14116.
[39] J. Okkeri, E. Bencomo, M. Pietilä, T. Haltia, Introducing Wilson disease
mutations into the zinc-transporting P-type ATPase of Escherichia coli.
The mutation P634L in the “hinge” motif (GDGXNDXP) perturbs the
formation of the E2-P state, Eur. J. Biochem. 269 (2002) 1579–1586.
[40] J. Okkeri, L. Laakkonen, T. Haltia, The nucleotide-binding domain of the
Zn2+-transporting P-type ATPase from Escherichia coli carries a glycine
motif that may be involved in binding of ATP, Biochem. J. 377 (2003)
95–105.
[41] R. Lutter, M. Saraste, H.S. van Walraven, M.J. Runswick, M. Finel, J.F.
Detherage, J.E. Walker, F1F0-ATP synthase from bovine heart mitochon-
dria: development of the purification of a monodisperse oligomycin-
sensitive ATPase, Biochem. J. 295 (1993) 799–806.
[42] B. Fan, G. Grass, C. Rensing, B.P. Rosen, Escherichia coli CopA N-terminal Cys(X)2Cys motifs are not required for copper resistance or
transport, Biochem. Biophys. Res. Commun. 286 (2001) 414–418.
[43] Z. Hou, S. Narindrasorak, B. Bhushan, B. Sarkar, B. Mitra, Functional
analysis of Chimeric proteins of the Wilson Cu(I)-ATPase (ATP7B) and
ZntA, a Pb(II)/Zn(II)/Cd(II)-ATPase from Escherichia coli, J. Biol. Chem.
276 (2001) 40858–40863.
[44] A.K. Mandal, J.M. Argüello, Functional roles of metal binding domains of
the Archaeoglobus fulgidus Cu+-ATPase CopA, Biochemistry 42 (2003)
11040–11047.
[45] D. Huster, S. Lutsenko, The distinct roles of the N-terminal copper-
binding sites in regulation of catalytic activity of the Wilson's disease
protein, J. Biol. Chem. 278 (2003) 32212–32218.
[46] T. Sørensen, B. Vilsen, J.P. Andersen, Mutation Lys758→ Ile of the
sarcoplasmic reticulum Ca2+-ATPase enhances dephosphorylation of E2P
and inhibits the E2 to E1Ca2 transition, J. Biol. Chem. 272 (1997)
30244–30253.
[47] N. Bal, C.C. Wu, P. Catty, F. Guillain, E. Mintz, Cd2+ and the N-terminal
metal-binding domain protect the putative membraneous CPC motif of the
Cd2+-ATPase of Listeria monocytogenes, Biochem. J. 369 (2003)
681–685.
[48] R. Tsivkovskii, B.C. MacArthur, S. Lutsenko, The Lys1010–Lys1325
fragment of the Wilson's disease protein binds nucleotides and interacts
with the N-terminal domain of this protein in a copper-dependent manner,
J. Biol. Chem. 276 (2001) 2234–2242.
[49] G. Lenoir, M. Picard, C. Gauron, C. Montigny, P. Le Marechal, P. Falson,
M. Le Maire, J.V. Møller, P. Champeil, Functional properties of
sarcoplasmic reticulum Ca(2+)-ATPase after proteolytic cleavage at
Leu119–Lys120, close to the A domain, J. Biol. Chem. 279 (2004)
9156–9166.
[50] M. Bramkamp, K. Altendorf, Single amino acid substitution in the putative
transmembrane helix V in KdpB of the KdpFABC complex of Escherichia
coli uncouples ATPase activity and ion transport, Biochemistry 44 (2005)
8260–8266.
[51] M.J. Buch-Pedersen, M.G. Palmgren, Conserved Asp684 in transmem-
brane segment M6 of the plant plasma membrane P-type proton pump
AHA2 is a molecular determinant of proton translocation, J. Biol. Chem.
278 (2003) 17845–17851.
[52] S.J. Dutta, J. Liu, Z. Hou, B. Mitra, Conserved aspartic acid 714 in
transmembrane segment 8 of the ZntA subgroup of P1B-type ATPases is a
metal-binding residue, Biochemistry 45 (2006) 5923–5931.
